Introduction
============

Mutations in the *STXBP1* gene are associated with infantile encephalopathy ([@awz391-B25]), recently termed '*STXBP1* encephalopathy' ([@awz391-B30]). Developmental delay and intellectual disability are hallmarks of *STXBP1* encephalopathy. Most patients experience epileptic seizures ([@awz391-B11]; [@awz391-B9]). Clinical heterogeneity is observed for patients carrying a *STXBP1* mutation, such as the severity of the developmental delay and intellectual disability, response to antiepileptic treatment and specific EEG abnormalities. This clinical heterogeneity leads to range of clinical diagnoses, including Ohtahara, and West syndromes ([@awz391-B30]).

The *STXBP1* gene encodes the Sec1p/Munc18 (SM) protein MUNC18-1. Mammalian MUNC18-1 organizes the protein complexes that drive secretory vesicle exocytosis ([@awz391-B32]). Synaptic transmission is critically dependent on MUNC18-1 ([@awz391-B34]) and cellular MUNC18-1 levels correlate with synaptic strength ([@awz391-B33]).

All currently reported patients with *STXBP1* encephalopathy carry a heterozygous mutation, ranging from full gene deletions to single point mutations occurring across the entire length of the gene ([@awz391-B30]). Multiple lines of evidence support the hypothesis that haploinsufficiency is the main pathogenic mechanism underlying *STXBP1* encephalopathy, which may explain the lack of a genotype--phenotype correlation. The probability of being loss-of-function intolerant is extremely high for *STXBP1* (pLI = 1), and it is therefore considered to fall in the 'haploinsufficient' gene category (gnomAD v2.1) ([@awz391-B15]; [@awz391-B14]). *STXBP1* encephalopathy variants affect the cellular levels of the Munc18-1 protein in *in vitro* models of the disease ([@awz391-B26]; [@awz391-B10]; [@awz391-B15]). Moreover, heterozygous *Stxbp1* (Munc18-1 null) mice recapitulate *STXBP1* encephalopathy symptoms including cognitive impairments and epileptic seizures ([@awz391-B15]; [@awz391-B23]).

Here, we present two siblings carrying a homozygous *STXBP1* mutation and displaying the electroclinical features of Lennox-Gastaut syndrome. The functional consequences of the mutation in a cellular model are strikingly different from heterozygous mutations modelled previously ([@awz391-B10]; [@awz391-B15]).

Materials and methods
=====================

Animals
-------

Munc18-1 null mutant (knockout) mice were described previously ([@awz391-B34]). Embryonic Day 18 (E18) embryos were obtained by caesarean section. Animals were housed and bred according to the Institutional and Dutch governmental guidelines.

Primary neuronal cultures
-------------------------

Neuronal cultures and rat glia islands were prepared as described previously ([@awz391-B27]; [@awz391-B15]). Cortical neurons were plated at a density of 600 000 cells/well on poly-[l]{.smallcaps}-ornithine/laminin coated 6-well plates for western blot analysis. Hippocampal neurons were plated at a density of 6000 cells/well on top of pregrown rat glia islands on 18 mm coverslips for immunocytochemistry and electrophysiology.

Constructs and lentiviral particles
-----------------------------------

Constructs encoding pSynapsin-Munc18^WT^-T2A-CreGFP or pSynapsin-Munc18^L446F^-T2A-CreGFP were subcloned into pLenti vectors, and viral particles were produced as previously described ([@awz391-B21]; [@awz391-B15]). Munc18-1 null neurons were infected with lentiviral particles at 0 days *in vitro* (DIV).

Western blot
------------

HEK293T cells were infected with lentiviral particles expressing Munc18^WT^ or Munc18^L446F^ in Opti-MEM™ (Life Technologies) for 2 days. Neuronal cultures were collected at DIV 14. Western blot was executed as described ([@awz391-B15]). Protein levels were assessed using rabbit Munc18-1 (1:1000, 2701; [@awz391-B4]) and mouse GFP (1:1000, eBioscience). GFP and Munc18-1 are translated in a 1:1 ratio as a result of the T2A linking sequence. GFP levels were used to normalize Munc18-1 expression levels.

Immunocytochemistry and confocal microscopy
-------------------------------------------

Single isolated Munc18-1 null neurons expressing Munc18^WT^ or Munc18^L446F^ were fixed on DIV 14--15 with 3.7% formaldehyde. Neurons were stained as described previously ([@awz391-B27]). Antibodies used were chicken anti-MAP2 (1: 500; Abcam), rabbit anti-Munc18-1 (1:500; 2701; [@awz391-B4]) and mouse anti-VAMP (1:1000; SySy). Images were acquired with a confocal microscope (LSM 510, Carl Zeiss) using a 40× oil immersion objective (NA = 1.3) with 0.7× zoom at 1024 × 1024 pixels and 2× averaging. Synapse morphology and protein levels were analysed using automated image analysis in MATLAB (SynD; [@awz391-B28]) and ImageJ software.

Electrophysiology
-----------------

Single isolated Munc18-1 null neurons were in culture for DIV 14--15 prior to patch-clamp recordings. Recordings were performed as described previously ([@awz391-B20]; [@awz391-B15]) and the experimenter was blinded to experimental groups. Analysis was performed using in-house written MATLAB scripts and Clampfit (Molecular Devices, v. 10.7). Size of the readily releasable pool (RRP) and the recruitment rate were estimated by a back-extrapolation procedure ([Supplementary Fig. 3A](#sup1){ref-type="supplementary-material"}) ([@awz391-B22]).

Statistical analysis
--------------------

Statistical analysis and graphing was performed using GraphPad Prism versions 5 and 6 and MATLAB (MathWorks Inc., v.2017a). Parametric tests were used whenever assumptions of homoscedasticity and normality were met. Otherwise, non-parametric tests were used. All statistical tests were two-tailed. An error probability level of *P*\< 0.05 was accepted as statistically significant. All cellular data were plotted in box-and-whisker plots with Tukey-style whiskers.

Data availability
-----------------

Data are available upon request.

Results
=======

Only homozygous *STXBP1*^L446F^ carriers show developmental epileptic encephalopathy
------------------------------------------------------------------------------------

A family with two siblings with epilepsy and intellectual disability referred to the Neurology Unit at University Magna Graecia. The first proband (Individual 2, [Table 1](#awz391-T1){ref-type="table"}) was a 23-year-old female, presenting with development delay from birth, refractory epilepsy, severe intellectual disability and behavioural abnormalities. Multiple seizure types were observed, including tonic, atypical absences, 'drop attacks' and occasional catamenial non-convulsive status epilepticus, lasting up to several hours. Awake and sleep EEG recordings revealed a slow, disorganized background activity and high voltage, generalized 1.5--2 cycles/s spike and wave activity in addition to bursts of 10--12 Hz generalized paroxysmal fast activity during slow sleep ([Fig. 1](#awz391-F1){ref-type="fig"}B). The 26-year-old sister (Individual 3, [Table 1](#awz391-T1){ref-type="table"}) displayed a highly similar neurological and electroclinical phenotype, albeit with more moderate intellectual disability. Both probands are on anti-epileptic polytherapy, achieving partial seizure control in proband 3. Their 51-year-old mother, and their 28- and 20-year-old sisters were asymptomatic and showed normal intelligence.

###### 

Clinical features of affected sisters and direct relatives

  Subject                           1                                                                2                                                                                                                 3                                                          4        5
  ------------------------------ -------- ----------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ -------- --------
  Current age, years                51                                                              23                                                                                                                 26                                                         28       20
  Age at epilepsy onset, years      --                                                               2                                                                                                                 3                                                          --       --
  Duration of epilepsy, years       --                                                              21                                                                                                                 23                                                         --       --
  Previous febrile seizures         --                                                        Yes (18 months)                                                                                                          No                                                         --       --
  Type of seizures                  --                  Tonic, tonic-clonic, atypical absences, atonic seizures, episodes of non-convulsive status                         Tonic, tonic-clonic, atypical absences, atonic seizures, episodes of non-convulsive status             --       --
  EEG                             Normal                   1.5--2 Hz generalized spike-and-wave; generalized fast rhythms at 12 Hz during sleep                               1.5--2 Hz generalized spike-and-wave, generalized fast rhythms at 12 Hz during sleep              Normal   Normal
  Brain MRI                       Normal      Some subcortical areas of increased T~2~-weighted signal intensity with no mass effect or contrast enhancement                                       Arnold-Chiari type 1 without syringomelia                                      NA       NA
  Neurological exam               Normal                                Kinetic and postural tremor of the arms and brisk reflexes                                                             Kinetic and postural tremor of the arms, pes cavus                               Normal   Normal
  Neuropsychiatric symptoms        None    Severe mental retardation (IQ \<35); moderate/severe behavioural problems with hyperactivity and aggressive behaviour   Moderate mental retardation (IQ 46); mild behavioural problems with hyperactivity and aggressive behaviour    None     None
  Therapy                          None                             Valproate + felbamate + acetazolamide + levetiracetam + rufinamide                                            Valproate + levetiracetam + rufinamide + clobazam (partial seizure control)                    None     None

The proband is a 23-year-old female, presenting with refractory epilepsy, severe intellectual disability (IQ \<35), hyperactivity and aggressive behaviour. She showed developmental delay from birth and suffered from isolated febrile seizures at the age of 18 months. Tonic seizures during sleep were observed since the age of two. Afterwards, multiple seizure types occurred such as tonic, atypical absences, and 'drop attacks'. Awake and sleep EEG recordings revealed a slow and disorganized background activity, and the classic high voltage, generalized 1.5--2 Hz spike and wave activity in addition to bursts of 10--12 Hz generalized paroxysmal fast activity during slow sleep. Moreover, she also occasionally experienced catamenial non-convulsive status epilepticus which could last up to several hours. A 3 T brain MRI study revealed non-specific subcortical areas of increased T~2~-weighted signal intensity. Several anti-seizure drugs were unsuccessful. She is currently on valproate, felbamate, acetazolamide, levetiracetam, and rufinamide. Her 26-year-old sister showed developmental delay and the same neurological phenotype featuring early-onset tonic, atypical absences, and 'drop attacks' from the age of 3 years, moderate intellectual disability (IQ = 46), hyperactivity and aggressive behaviour. Her EEG showed high-voltage, generalized 1.5--2 Hz spike and wave activity associated with bursts of generalized paroxysmal fast activity during slow sleep. A polytherapy with valproate, levetiracetam, rufinamide, and clobazam achieved a partial seizure control, with persistence of atypical absences and drop attacks, mainly during her menstrual cycle. A 3 T MRI study revealed Arnold-Chiari 1 malformation without syringomyelia. Their 51-year-old mother, and their 28- and 20-year-old sisters were asymptomatic and showed normal intelligence. NA = not available.

![**Identification of homozygous missense mutation MUNC18^L446F^ in two affected patients.** (**A**) Pedigree of the family showing the two affected (red circle) homozygous sisters (dark filled circle) for the L446F missense mutation. One sibling does not carry the mutation and another one is heterozygous, as is the mother (half-filled circle). The father was not available for analysis. (**B**) EEG recording from one of the two homozygous carriers. Note the bursts of generalized paroxysmal fast activity at 10--12 Hz that last for a few seconds (red box) and tend to recur at brief intervals during slow sleep. The discharges are usually followed by slow waves and generalized poly-spike and wave complexes. (**C**) Electropherograms of the individuals as indicated in **A**, showing the c.1336 C \> T missense mutation in Individuals 1 and 5 (heterozygous), 2 and 3 (homozygous). (**D**) Amino acid alignment of human MUNC18-1 protein to its homologues in *Mus musculus* (Munc18-1), *Drosophila melanogaster* (Rop) and *C. elegans* (Unc18). Blue box indicates the Leu446 residue, which is conserved across the indicated species. (**E**) Disease-associated mutations (black bars) and population variants (grey bars) are found throughout the three domains of the Munc18-1 protein. Leu446 is located in domain 3. Protein crystal structure of the Munc18-1 protein (PDB 3c98) bound to syntaxin 1 (grey) shows the Leu446 residue in red. Nearby disease-associated and population variants are indicated.](awz391f1){#awz391-F1}

Whole-exome sequencing in the probands revealed a homozygous missense variant in exon 15 (c.1336C\>T, p.L446F) of *STXBP1* ([Fig. 1](#awz391-F1){ref-type="fig"}C and [Supplementary Fig. 1](#sup1){ref-type="supplementary-material"}). The mother and one sibling were heterozygous carriers of the mutation ([Fig. 1](#awz391-F1){ref-type="fig"}C). Protein sequence alignment showed that the Leu446 residue is evolutionary conserved from *Caenorhabditis elegans* to *Homo sapiens* ([Fig. 1](#awz391-F1){ref-type="fig"}D). The L446F variant is located in domain 3 of the MUNC18-1 protein ([Fig. 1](#awz391-F1){ref-type="fig"}E, top) in the hydrophobic core ([Fig. 1](#awz391-F1){ref-type="fig"}E, bottom), and has not been documented before as either disease-causing or asymptomatic variant. In close proximity to L446F, multiple heterozygous disease-associated and asymptomatic mutations (gnomAD v2.1 for Ensembl gene ID ENSG00000136854; [@awz391-B14]) are reported ([Fig. 1](#awz391-F1){ref-type="fig"}E).

The L-F mutation supports viability and does not have a profound effect on cellular protein levels
--------------------------------------------------------------------------------------------------

Heterozygous *STXBP1* encephalopathy mutations have been reported to severely reduce Munc18-1 protein levels ([@awz391-B26]; [@awz391-B10]; [@awz391-B15]). To assess the effect on protein levels, the L446F variant was expressed in HEK293 cells with wild-type or the previously characterized heterozygous disease mutation C522R as controls ([Fig. 2](#awz391-F2){ref-type="fig"}A and [Supplementary Fig. 2A](#sup1){ref-type="supplementary-material"}). Munc18^C552R^ levels were 90% reduced, as reported previously ([@awz391-B15]). Munc18^L446F^ levels showed a clear trend towards a reduction (not significant), albeit less severe than for Munc18^C552R^. Power analysis predicted that 10 independent samples would be required to detect a 50% reduction at *P*= 0.05.

![**Cellular stability and morphological characterization of Munc18^L446F^ in Munc18-1 null neurons and HEK293 cells.** (**A**) HEK293 cells were virally infected with Munc18^WT^, homozygous pathogenic variant Munc18^L446F^ and heterozygous disease variant Munc18^C522R^. Western blot analysis of normalized Munc18-1 levels shows that Munc18^C522R^ presents significantly lower levels than Munc18^WT^ \[Munc18^WT^ median = 0.508, interquartile range (IQR) = 0.340--0.727; Munc18^L446F^ median = 0.187, IQR = 0.134--0.267; Munc18^C522R^ median = 0.143, IQR = 0.085--0.199; *P*= 0.0006, Kruskal-Wallis test with *post hoc* Dunn's multiple comparisons test\]. Munc18^L446F^ has no significant changes in levels compared to either Munc18^WT^ and disease variant Munc18^C522R^. Munc18 levels were normalized to GFP levels. Relative Munc18 levels were normalized to the mean Munc18^WT^ levels for visualization. (**B**) Munc18^WT^, homozygous disease variant Munc18^L446F^ and heterozygous disease variant Munc18^C522R^ were expressed in Munc18-1 null neurons through lentiviral infection. Protein levels of Munc18^C522R^ are lower than Munc18^WT^ (Munc18^WT^ median = 1.587, IQR = 1.401--2.278; Munc18^L446F^ median = 0.978, IQR = 0.578--1.296; Munc18^C522R^ median = 0.397, IQR = 0.228--0.526; *P =*0.0012, Kruskal-Wallis test with *post hoc* Dunn's multiple comparisons test), whereas levels of Munc18^L446F^ are not significantly different from Munc18^WT^ and Munc18^C522R^. Munc18 levels were normalized to GFP levels. Relative Munc18 levels were normalized to the mean Munc18^WT^ levels for visualization. (**C**) Representative images (with zoom) of Munc18-1 null neurons expressing Munc18^WT^ or Munc18^L446F^, stained for MAP2 (dendritic marker), Munc18-1 and VAMP (synaptic marker). (**D**) Total dendritic length is decreased in Munc18^L446F^ neurons (Munc18^WT^ median = 1243, IQR = 738--1645; Munc18^L446F^ median = 833.4, IQR = 592.5--1254; *P =*0.035, Mann-Whitney U-test). (**E**) Munc18^L446F^ neurons show decreased number of synapses per μm^2^ dendrite (Munc18^WT^ median = 0.382, IQR = 0.326--0.465; Munc18^L446F^ median = 0.296, IQR = 0.262--0.444; *P =*0.028, unpaired *t*-test). (**F**) Average synapse area is not altered between neurons expressing Munc18^WT^ or Munc18^L446F^ (Munc18^WT^ median = 0.511, IQR = 0.480--0.577; Munc18^L446F^ median = 0.519, IQR = 0.477--0.547; *P =*0.894, Mann-Whitney U-test). (**G** and **H**) Munc18^L446F^ neurons do not present lower Munc18-1 levels in synapses (**G**) (Munc18^WT^ median = 1276, IQR = 754.1--1789; Munc18^L446F^ median = 893.8, IQR = 584--1376; *P =*0.091, Mann-Whitney U-test) or in dendrites (**H**) (Munc18^WT^ median = 654.6, IQR = 471--894; Munc18^L446F^ median = 479.7, IQR = 353.6--641.7; *P =*0.094, Mann-Whitney U-test) by immunocytochemistry. The number of analysed cells and number of independent cultures tested is indicated below the graphs. \**P*\< 0.05, \*\**P*\< 0.01.](awz391f2){#awz391-F2}

Munc18-1 serves an essential, cell-autonomous role in neuronal viability ([@awz391-B27]). We tested whether the L446F mutation compromises this role by expressing Munc18^WT^, Munc18^L446F^ or Munc18^C522R^ in Munc18-1 null mouse neurons. Neurons depending on Munc18^L446F^ or Munc18^C522R^ only, showed normal survival until 15 DIV. At DIV13--15, C522R levels were significantly lower than wild-type, whereas L446F levels again showed a trend towards reduced levels (not significantly different from wild-type and C522R) ([Fig. 2](#awz391-F2){ref-type="fig"}B and [Supplementary Fig. 2B](#sup1){ref-type="supplementary-material"}). Power analysis predicted that 13 independent samples would be required to detect a 50% reduction at *P*= 0.05. Together, these data show that Munc18^L446F^ supports neuronal viability as well as wild-type Munc18-1 and has a less drastic effect on cellular protein levels than previously characterized heterozygous disease variants.

Neuronal morphology was analysed in single isolated Munc18-1 null neurons expressing Munc18^WT^ or Munc18^L446F^ ([Fig. 2](#awz391-F2){ref-type="fig"}C). Dendrites of neurons expressing Munc18^L446F^ were 25% shorter than wild-type neurons ([Fig. 2](#awz391-F2){ref-type="fig"}D) and the number of synapses per µm^2^ dendrite was 15% lower ([Fig. 2](#awz391-F2){ref-type="fig"}E). Munc18^L446F^ and Munc18^WT^ expressing neurons had similar synapse sizes ([Fig. 2](#awz391-F2){ref-type="fig"}F) and Munc18-1 levels in synapses and dendrites ([Fig. 2](#awz391-F2){ref-type="fig"}G and H). Hence, neurons that depend on Munc18^L446F^ have slightly reduced size and synapse density.

Munc18^L446F^ enhances evoked synaptic transmission and reduced paired-pulse facilitation
-----------------------------------------------------------------------------------------

Patch-clamp electrophysiology was used to compare synaptic transmission in Munc18-1 null mutant neurons expressing either Munc18^WT^ or Munc18^L446F^. The frequency of spontaneous miniature excitatory postsynaptic current (mEPSC) events ([Fig. 3](#awz391-F3){ref-type="fig"}A and B) and their amplitude was similar between Munc18^WT^ and Munc18^L446F^ ([Fig. 3](#awz391-F3){ref-type="fig"}C). However, the postsynaptic current in response to action potential stimulation (EPSC; [Fig. 3](#awz391-F3){ref-type="fig"}D) was approximately 2-fold larger in neurons expressing Munc18^L446F^ both in amplitude ([Fig. 3](#awz391-F3){ref-type="fig"}E) and charge transferred during the response ([Fig. 3](#awz391-F3){ref-type="fig"}F). The ratio between paired sets of stimuli (paired-pulse ratio, typical example shown in [Fig. 3](#awz391-F3){ref-type="fig"}G) was significantly smaller for Munc18^L446F^-expressing neurons at most time intervals ([Fig. 3](#awz391-F3){ref-type="fig"}H).

![**Patch-clamp electrophysiological characterization of Munc18-1 null neurons expressing Munc18^L446F^.** (**A**--**C**) Spontaneous release of synaptic vesicles is not significantly altered by expression of Munc18^L446F^. (**A**) Example traces of spontaneous release of single synaptic vesicles (mEPSCs) of Munc18-1 null neurons expressing Munc18^WT^ or Munc18^L446F^. (**B** and **C**) No differences are observed in spontaneous mEPSC frequency (**B**: Munc18^WT^ median = 3.253 Hz, IQR = 0.584--7.49; Munc18^L446F^ median = 6.473 Hz, IQR = 1.375--13.25; *P =*0.165, Mann-Whitney U-test) and amplitude (**C**: Munc18^WT^ median = −20.76 pA, IQR = −24.19--18.24; Munc18^L446F^ median = −21.28 pA, IQR = −24.29--18.03; *P =*0.943, unpaired *t*-test) between Munc18^WT^ and Munc18^L446F^. (**D**--**F**) Evoked synaptic responses are increased in neurons expressing Munc18^L446F^. (**D**) Typical examples of a single evoked EPSC. Stimulus artefact has been blanked out for visualization purposes. (**E**) Average EPSC amplitude is significantly larger in neurons expressing Munc18^L446F^ compared Munc18^WT^ (Munc18^WT^ median = 3.332 nA, IQR = 2.213--5.798; Munc18^L446F^ median = 7.716 nA, IQR = 3.838--13.81; *P =*0.0018, Mann-Whitney U-test) and in parallel, the average charge (**F**) transferred during the EPSC response is increased (Munc18^WT^ median = 37.36 pC, IQR = 27.65--77.65; Munc18^L446F^ median = 117.0 pC, IQR = 43.69--164.7; *P =*0.0012, Mann-Whitney U-test). (**G** and **H**) Paired-pulse recordings at various intervals were performed to quantify release probability. (**G**) Example traces showing an overlay of paired-pulse recordings at several time intervals (20--50--100--200--500 ms interpulse interval) for a neuron expressing Munc18^WT^ or Munc18^L446F^. (**H**) Paired-pulse ratios (calculated as the ratio of the second EPSC to the first EPSC) are significantly higher for neurons expressing Munc18^L446F^ at the stimulus intervals between 0.05 and 0.5 s (0.02 s: Munc18^WT^ median = 0.488, IQR = 0.363--0.880; Munc18^L446F^ median = 0.479, IQR = 0.317--0.657, *P =*0.109, unpaired *t*-test with Welch's correction; 0.05 s: Munc18^WT^ median = 0.872, IQR = 0.689--1.198; Munc18^L446F^ median = 0.701, IQR = 0.544--0.849, *P =*0.0103; 0.1 s: Munc18^WT^ median = 0.913, IQR = 0.743--1.157; Munc18^L446F^ median = 0.732, IQR = 0.589--0.891, *P =*0.0045; 0.2 s: Munc18^WT^ median = 0.873, IQR = 0.754--0.955, Munc18^L446F^ median = 0.777, IQR = 0.625--0.866, *P*= 0.0207; 0.5 s: Munc18^WT^ median = 0.833, IQR = 0.775--0.905, Munc18^L446F^ median = 0.751, IQR = 0.614--0.839, *P =*0.019, Mann-Whitney U-tests). (**I**) Estimate of the RRP by back-extrapolation indicates no difference in RRP size between Munc18^WT^ or Munc18^L446F^ (Munc18^WT^ median = 432.7 pC, IQR = 220.1--803.6, Munc18^L446F^ median = 455.4 pC, IQR = 300.3--1219, *P*= 0.511, Mann-Whitney U-test). (**J**) Total charge transferred during the 40-Hz train stimulation is not significantly different between Munc18^WT^ or Munc18^L446F^ (Munc18^WT^ median = 1488 pC, IQR = 724.4--2424, Munc18^L446F^ median = 1296 pC, IQR = 939.0--2239, *P =*0.594, Mann-Whitney U-test). (**K**) Run-down kinetics and steady-state responses to 100 action potentials at 10 Hz are similar between Munc18^WT^ and Munc18^L446F^, except for the first few pulses (*inset*) at which neurons expressing Munc18^L446F^ display more pronounced depression compared to Munc18^WT^. (**L**) EPSC rundown in response to a stimulation of 100 action potentials at 40 Hz are also similar between Munc18^WT^ and Munc18^L446F^. *Inset*: first five pulses of the train. (**M**) EPSC amplitude in response to single action potential stimulations 2 and 30 s after the 10-Hz train stimulation expressed as a percentage of the amplitude of the first EPSC of the train stimulation. Neurons expressing Munc18^L446F^ have a smaller EPSC response at 2 s (Munc18^WT^ median = 65.96%, IQR = 53.26--82.32, Munc18^L446F^ median = 43.27%, IQR = 28.32--56.44, *P =*0.0003, Mann-Whitney U-test) and 30 s (Munc18^WT^ median = 81.15%, IQR = 62.58--100.6, Munc18^L446F^ median = 70.29%, IQR = 53.31--77.36, *P =*0.021, Mann-Whitney U-test) after a 10-Hz train. (**N**) Recovery of the RRP was measured at 2 and 60 s after the train, respectively. After 2 s, recovery is not significantly different but shows a trend towards a reduction in Munc18^L446F^ expressing neurons (Munc18^WT^ median = 84.22%, IQR = 50.45--104.0, Munc18^L446F^ median = 63.92%, IQR = 46.39--76.59, *P =*0.068, Mann-Whitney U-test). Sixty seconds after 40-Hz stimulation, neurons expressing Munc18^WT^ show full recovery whereas recovery is impaired in neurons expressing Munc18^L446F^ (Munc18^WT^ median = 94.90%, IQR = 83.97--107.5, Munc18^L446F^ median = 83.93%, IQR = 73.73--91.31, *P =*0.0396, unpaired *t*-test with Welch's correction). (**O**) Recruitment rate of vesicles at steady-state during 40 Hz stimulation as estimated by the back-extrapolation procedure (**C**) is not different between Munc18^WT^ or Munc18^L446F^ (Munc18^WT^ median = 388.5 s^−1^, IQR = 160.7--755.8, Munc18^L446F^ median = 377.3 s^−1^, IQR = 243.4--484.4, *P =*0.778, Mann-Whitney U-test). The number of analysed cells and number of independent cultures tested is indicated below the graphs. \**P*\< 0.05, \*\**P*\< 0.01.](awz391f3){#awz391-F3}

In addition to single stimulation, we tested evoked synaptic responses to repetitive ('train') stimulation. The increased response to stimulation could be due to an increase in the number of vesicles that are release-ready, which can be estimated based on a pool-depleting stimulation train at 40 Hz frequency. The estimated size of the RRP (estimated by back-extrapolation, see [Supplementary Fig. 3A](#sup1){ref-type="supplementary-material"}) was similar in Munc18^WT^ and Munc18^L446F^ expressing neurons ([Fig. 3](#awz391-F3){ref-type="fig"}I) and no difference was observed in the total charge transferred during a pool-depleting 40 Hz stimulation ([Fig. 3](#awz391-F3){ref-type="fig"}J).

The difference in response amplitude observed upon single stimuli ([Fig. 3](#awz391-F3){ref-type="fig"}E and F) was again observed at the start of the train stimulations at 10 and 40 Hz. The rundown of successive responses followed a similar kinetic pattern between Munc18^WT^ and Munc18^L446F^ expressing neurons ([Fig. 3](#awz391-F3){ref-type="fig"}K and L for 10 and 40 Hz, respectively). The EPSC response to a single stimulation after high-frequency stimulation, termed 'recovery', was impaired in neurons expressing Munc18^L446F^ up to 60 s after a high-frequency stimulation ([Fig. 3](#awz391-F3){ref-type="fig"}M and N for 10 and 40 Hz, respectively). The EPSC amplitude of Munc18^L446F^ neurons reached similar levels to Munc18^WT^ but not the increased amplitude that was observed in naïve neurons (*cf*. [Supplementary Fig. 3C and E](#sup1){ref-type="supplementary-material"}).

The impaired recovery may be caused by a deficit in the recruitment of new synaptic vesicles into the RRP. However, the steady state vesicle recruitment, which can be estimated from the cumulative plots in [Supplementary Fig. 3A](#sup1){ref-type="supplementary-material"}, was not different between Munc18^WT^ or Munc18^L446F^ expressing neurons ([Fig. 3](#awz391-F3){ref-type="fig"}O).

During repetitive stimulation, many vesicles fuse without tight coupling to the action potentials because of the build-up of Ca^2+^ in the terminals and possibly mediated by distinct release machinery ('asynchronous' release; for a review see [@awz391-B13]). The relative contribution of synchronous and asynchronous components to the total charge transferred during the 40-Hz train was similar ([Supplementary Fig. 3B](#sup1){ref-type="supplementary-material"}). Together these data show that Munc18^L446F^ causes an increase in evoked synaptic transmission, a decrease in paired pulse plasticity and an impaired recovery following high-frequency stimulation.

Discussion
==========

The present study identified two sisters carrying a homozygous *STXBP1* mutation. Functional analysis demonstrated that L446F mutation results in a gain-of-function at the cellular level unlike heterozygous mutations so far described ([@awz391-B10]; [@awz391-B15]).

The L446F mutation in *STXBP1*/Munc18-1 causes a gain-of-function on synaptic transmission
------------------------------------------------------------------------------------------

Neurons expressing Munc18-1^L446F^ show a 2-fold increased synaptic response, indicating that twice as many synaptic vesicles fuse with the plasma membrane upon a single action potential stimulation than in neurons expressing wild-type Munc18-1. In addition, the paired-pulse ratio is reduced. This ratio is inversely proportional to the initial release probability of synaptic vesicles: a neuron with a high initial release probability releases a larger fraction of release-ready vesicles, and fewer remain for subsequent stimuli. Hence, these findings imply that Munc18^L446F^ causes a gain-of-function on evoked synaptic transmission by increasing the initial release probability. The L446F mutation may increase the release probability of vesicles indirectly, possibly by influencing 'superpriming' ([@awz391-B31]) of a larger fraction of synaptic vesicles and/or by more efficiently preventing the off-pathway (de-priming) ([@awz391-B12]; [@awz391-B24]).

A gain-of-function phenotype in synaptic genetic disorders is rare, as disease-associated mutations in presynaptic genes are typically loss-of-function ([@awz391-B8]; [@awz391-B5]; [@awz391-B29]; [@awz391-B2]). However, a gain-of-function phenotype was recently observed for the presynaptic protein Munc13, also resulting in a severe neurodevelopmental disorder ([@awz391-B18]).

Homozygous *STXBP1*-variant L446F causes specific symptoms of Lennox-Gastaut syndrome
-------------------------------------------------------------------------------------

*STXBP1*-encephalopathy cases share two to three main clinical features (developmental delay, intellectual disability, and almost always epilepsy), but individual patients show substantial clinical heterogeneity and the primary diagnosis is diverse, including Ohtahara and West syndromes ([@awz391-B30]). To date, only two heterozygous *STXBP1* carriers have been diagnosed as Lennox-Gastaut syndrome based on minimal ([@awz391-B7]) or undisclosed ([@awz391-B3]) criteria. For homozygous L446F carriers described in the current study, the electroclinical phenotype is clearly pathognomonic for Lennox-Gastaut syndrome ([@awz391-B6]): (i) multiple seizure types, including tonic, atonic and atypical absence seizures, with predominantly nocturnal tonic seizures; (ii) abnormal EEG, with interictal, diffuse, slow spike-wave complexes at \<3 Hz during wakefulness; and (iii) paroxysmal fast rhythms (10--20 Hz) during non-REM sleep. These features may eventually emerge in more than the two heterozygous patients described to date as a progressive aspect of STXBP1 encephalopathy. However, none of the other \>250 heterozygous carriers characterized to date ([Fig. 1](#awz391-F1){ref-type="fig"}E), have had these three cardinal pathognomonic Lennox-Gastaut syndrome criteria described. Hence, the combination of these three Lennox-Gastaut syndrome symptoms may be unique for the (homozygous) L446F variant, for gain-of-function *STXBP1* mutations and/or for recessive mutations. Exome sequencing did not reveal additional variants that could be readily associated to the phenotype, but we cannot exclude that the other genetic factors may contribute to the clinical profile.

Loss- and gain-of-function *STXBP1* mutations cause shared and unique clinical features
---------------------------------------------------------------------------------------

Heterozygous *STXBP1* encephalopathy mutations are clear loss-of-function mutations in terms of protein stability and some also of synaptic transmission ([@awz391-B10]; [@awz391-B15]). In contrast, the Munc18^L446F^ mutation has a less pronounced effect on protein stability, and a gain-of-function effect on synaptic transmission. Thus, at the synaptic level, homozygous and heterozygous disease mutations have opposite effects. At the clinical level, the two homozygous patients display all three main clinical *STXBP1* encephalopathy features (developmental delay, intellectual disability, epilepsy). Hence, opposite effects at the synaptic level lead to the same main clinical features. Different (opposite) changes in the molecular function of MUNC18-1 may ultimately lead to a similar net activity imbalance at the brain circuit level and thereby to the same clinical features. However, at the phenotypic level, the L446F homozygous mutation leads to distinct (electroclinical) symptoms, characteristic of Lennox-Gastaut syndrome. These distinct symptoms may provide the first indications of underlying heterogeneity between homozygous and heterozygous disease mutations and/or between gain- and loss-of-function mutations. More detailed clinical assessments, especially of seizure types and EEG abnormalities, will be instrumental for future subclassification of *STXBP1* cases, to unmask differential disease mechanisms at the network level and to design rational intervention strategies.

Previous studies have shown that both loss- and gain-of-function heterozygous mutations produce similar epileptic encephalopathies, e.g. for mutations in *KCNA2*, *SCN2A* and *SCNA8* ([@awz391-B17]; [@awz391-B19]; [@awz391-B36]). Recently, two homozygous cases carrying *SCN2A* mutations have been reported to lead to severe complex neurological phenotypes ([@awz391-B1]; [@awz391-B37]). These findings are consistent with other neurological dominant disorders, where very rare homozygous individuals share a similar phenotype with heterozygous family members, usually more severe, suggesting an additive effect on the gene product dysfunction ([@awz391-B35]; [@awz391-B16]). However, functional analysis was not available for these variants. The situation for *STXBP1* mutations seems to be quite unique, displaying the same main clinical features for carriers of homozygous mutations that are recessive and of heterozygous mutations that cause haploinsufficiency. Thus, our study highlights the impact of allelic diversity and specificity in the pathogenesis and phenotypic expression of monogenic neurological disorders.
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